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Executive Summary

In the future, power distribution systems now controlled by large power generators will be
enhanced with more distributed energy resource (DER) architectures in which the demarcations
between providers and users of power are less restrictive. Industry is concerned about how
existing electric power systems (EPSs) can accommodate these changes because they will affect
the economics and performance of power delivery. One key area of concern is the technical
details of interconnecting distributed generation (DG) with the EPS.

This report documents part of a multiyear research program dedicated to the development of
requirements to support the definition, design, and demonstration of a DG-EPS interconnection
interface concept. The interconnection must allow DG sources to be interconnected with the EPS
in a manner that provides value to the end user without compromising reliability or performance.

The report focuses on the dynamic behavior of power systems when a significant portion of the
total energy resource is DG. The work documented here results from the second year of study
and builds extensively on the first-year results [1].

In the first-year effort, a virtual test bed was developed to explore how distributed generators
interact with the EPS and with one another under a range of realistic conditions. That effort
examined response to events such as short circuits on power lines, line switching operations, and
load fluctuations. The effects on systems from local distribution feeders to entire multi-gigawatt
interconnected power systems were considered. Those explorations focused on a long-term vision
of the future in which the majority of DER relies on power electronic inverters for connection to
the power system. That work showed that as the penetration of DG increases, the performance
requirements for the DG become broader. The ability to achieve the desired performance with an
autonomous local interconnect becomes limited, and penalties for undesirable behavior, such as
over-aggressive DG tripping, become greater.

The effort reported here is focused on a nearer-term reality in which the majority of new DG is
of a more conventional type that relies on rotating synchronous generators for energy conversion.
The characteristics of synchronous machines (termed “rotating DG” in this work for simplicity)
are substantially different from those of inverter-based DG and have the potential to substantially
affect system performance. Actual data and projections of new DG deployments of a US utility
are included to provide context to the technical examination. The study further examines the
concepts of microgrids and focuses on a near-term reality of single-owner systems (termed
“facility microgrids” in this work). A discussion and update of the latest regulatory and standards
trends are provided in the report.

The results of explorations reported here reinforce the preliminary findings of the first-year effort.
Of particular interest is the reinforcement of the observations that a high penetration of DER does
have the potential to significantly affect bulk power system performance and that penalties for
undesirable behavior, such as overaggressive DG tripping, become greater. The study further
reinforced the concept that the behavior of microgrids can be made beneficial to both the
microgrid and the host bulk power system. The report identifies areas for further investigation.
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The results show that the development of a universal interconnect should follow a natural
progression of functionality, as proposed. Ultimately, higher levels of functionality benefit both
system reliability and the economics of DG. The functionality of the universal interconnect must
meet the basic requirements imposed by the various interconnection standards, most notably IEEE
1547, while providing a foundation on which higher levels of functionality can be built.
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1 Introduction

1.1 Background Discussion

Traditional nonutility-generated power sources, such as emergency and standby power systems,
have minimal interaction with the electric power system (EPS). As distributed generation (DG)
hardware becomes more reliable and economically feasible, there is an increasing trend to
interconnect those DG units with existing utilities to meet various energy needs and offer more
service possibilities to customers and the host EPS. Among these possibilities are:

Standby/backup power to improve the availability and reliability of electric power
Peak load shaving

Combined heat and power

Sales of power back to utilities or other users

Renewable energy

Power quality, such as reactive power compensation and voltage support
Dynamic stability support.

This trend is fueled and accelerated by utility deregulation.

Safe and reliable operation of the power system will increasingly be influenced by distributed
energy resources (DER). Penetration is a measure of the amount of DER compared with the total
generation resource on a power system. In the broadest sense, this applies to the entire
interconnected grid. However, the concept of local penetration is valuable, as well. A few
megawatts of generation can represent a substantial penetration on a small system or the local
portion of a large system. Further, penetration is not a static measure. A relatively small amount
of installed DG might represent a high level of penetration when the system is at light load.

A broad vision of DER includes widespread deployment of a range of new technologies. In that
long-term view, the majority of attractive emerging DER technologies relies on power electronic
inverters for connection to the power system. These technologies include fuel cells,
photovoltaics, and microturbines. The first year of effort examining penetration focused on those
technologies.

In the nearer term, the reality is that most (on a total kilowatt basis) of the DER being built and
planned are more conventional, synchronous machine-based generation. The investigation
reported here focused mainly on this nearer-term reality but with the same objectives of
identifying system performance issues, quantifying functional requirements for the successful
interconnection of DG, maximizing benefits and minimizing risks, and adding to the growing
body of engineering knowledge required for the successful evolution of power systems.

1.2 Regulatory Perspectives

The current thrust of distributed resource-related regulatory initiatives is on the removal of
obstacles to the interconnection of distributed resources (DR) and the promotion of DR as a
player in the energy market.



In the past, the Area EPS operator has been the sole arbiter deciding the requirements for an
acceptable interconnection of DR to the Area EPS. These requirements have often become a
contentious issue, with DR proponents claiming obstructionism on the part of Area EPS
operators. In some cases, the requirements are justified and necessary when judged from the
traditionally conservative engineering standpoint characteristically applied to utility power
systems. In other cases, the Area EPS is taking a risk-averse posture by concentrating on the
negative aspects of the DR interconnection and the potential risks and liabilities to which they
might expose the Area EPS. And, in still other cases, the requirements do present the clear
impression of intentional obstructionism.

1.2.1 Standardized Interconnection Technical Requirements

In general, regulatory bodies and standards groups are attempting to settle the contention by
establishing uniform interconnection requirements for DR. This process began with the Institute
of Electrical and Electronics Engineers (IEEE) Standard 929, which focused on small
photovoltaic DR. Several states followed, and the scopes of their interconnection requirements
were expanded to a wider range of DR. To a great extent, the technical provisions of IEEE 929
influenced state standards.

For the DR manufacturer, the need to design DR and interconnect hardware to meet the disparate
interconnection requirements of each of the states is itself an impediment. In 1998, IEEE
initiated development of a new standard, 1547, to develop uniform interconnect requirements for
all types of DR rated 10 MW and less. When this report was written, IEEE 1547 had been
successfully balloted and was on its way to publication. It is anticipated that most states will
adopt and codify this standard with minimum modification.

The development of 1547, and its future application, is complicated by the large variations in
distribution system configurations and situations into which DR may be connected and the
widely differing performance characteristics of DR technologies. To achieve a consensus, and
because of the virtual impossibility of considering every possible system situation, 1547 sets a
minimum standard to which additional requirements may need to be added.

The scope of 1547 is limited to requirements that can be met at the point of common coupling
(PCC) between the DR owner’s facility (Local EPS) and the Area EPS. Effects on the Area EPS
are not fully addressed. Also, the standard does not impose any limitation or additional
requirements on the basis of DR penetration.

Inherent to the development of 1547 was the assumption of a relatively low DR penetration in
the Area EPS. There is an inherent compromise between DR interconnection requirements for
the avoidance of islanding and the security of the EPS when there is significant penetration on
the particular distribution circuit or on the larger interconnected grid [2]. Because the provisions
of 1547 were drafted in the context of today’s low DR penetration, the balance between the
conflicting goals was heavily weighted toward avoiding islanding. Thus, 1547 requires sensitive
DR trip points, which also could be reached in events in which the grid security is compromised.
With low DR penetration, the loss of DR capacity is inconsequential, and tripping is only a
nuisance for the DR operator. With higher penetration, loss of DR could aggravate the system
event, potentially precipitating a major system disruption. These issues are explored in this



report, and it is evident that future interconnection requirements will need to consider the system
effects of higher DR penetration.

1.2.2 Nontechnical Interconnection Issues

In addition to the technical requirements, interconnection also requires resolution of many
commercial issues. These issues include matters of impact study requirements, allocation of costs
for interconnection and system reinforcement, insurance, and rates.

These issues have been addressed by state regulators in some states, where the important “who
pays who what” issues have been determined in regulatory rulings and policy. In an effort to
promote DR as a grid energy resource, thus promoting power market competition and liquidity,
the Federal Energy Regulatory Commission (FERC) has recently stepped into the picture.
Although it had previously been assumed that federal jurisdiction did not extend to local power
distribution systems, FERC has now claimed jurisdiction regarding the interconnection of those
DR intending to participate in the power market. A working group of stakeholder representatives
has recently hashed out a consensus document that will be used by FERC to develop a Notice of
Proposed Rulemaking (NOPR).

A key feature of the FERC-sponsored document is the establishment of processes for approval of
DR interconnection when the DR meets certain screening criteria. A “super-expedited process”
is available for DR rated 2 MW or less; it establishes very prompt turnaround times and minimal
application costs if the DR qualifies under a series of criteria related to penetration. For DR
larger than 2 MW but no more than 20 MW, as well as for smaller DR failing to meet the
screening criteria for the “super-expedited process,” an “expedited process” is specified.
Although the details of the final NOPR will be determined by FERC, it is clear that processes
that will tend to accelerate DR penetration, provided the necessary economic drivers are present,
will be established.

1.2.3 Grid Performance Requirements

In European countries, such as Denmark, in which the penetration of DR is already significant,
grid-wide performance issues have arisen. In response, special grid performance requirements, or
“grid codes,” have been established. These codes ensure that the performance of all generation
resources is consistent with the needs of the system during critical events.

At this time, such performance requirements have not been adopted in the United States. This
has been the case because of the small DR penetration to date and the lack of recognition that
small generating units, in large numbers, can significantly affect very large grid systems. It is
evident from the results presented in this report that grid performance issues will eventually need
to be addressed if DR are to reach penetrations at which they are a significant contributor to the
nation’s energy portfolio.

1.3 Economic and Equipment Perspectives
As noted in the background discussion, there are predictions that DG will become a significant
factor in meeting total generation requirements for entire power systems.



The long-term vision of high penetration of novel and green DG sources and storage, with
deployment that is highly dispersed and high tech—using many inverter-based technologies—
needs to be balanced against the near-term realities. The fact is, on a kilowatt basis, most DG
deployed today is rotating- and fossil-based. The economics of the US energy market and the
natural risk aversion of private enterprise tend to favor mature and evolutionary technologies, not
revolutionary technologies. The initial capital cost (e.g., dollars per kilowatt installed),
reliability, and thermal efficiency of mature technologies—especially diesel and gas
reciprocating engines and small gas turbines—are such that most new nonutility generation are
of this type.

On the renewables front, two technologies dominate: wind and mini/microhydro. In some parts of
the country, especially the Northwest, microhydro (roughly less that | MW) continues to enjoy
steady growth. The big news, especially in the past year, is the explosive growth of wind
generation. However, it is important to note that the vast majority of new wind generation (on a
megawatt basis) is being added as wind farms, not as DG. The wind turbine-generators in a wind
farm are distributed within the farm, but the total output of the farm normally connects to the bulk
power system at a single substation, in a fashion similar to other central-station generation. To be
sure, there are interesting interconnection and operational questions related to the widespread and
growing penetration of wind generation, but they are not DG interconnection issues.

1.4 Overview of Technical Approach

The overall technical approach used in this study relies on illustrative simulations of power
systems with significant penetrations of DG. These simulations are performed on one of the
utility industry’s standard simulation packages, Positive Sequence Load Flow (PSLF) [7], used
by bulk system planning engineers around the world. Details of the program and simulations are
presented in the appropriate sections.

Philosophically, the study and supporting simulations were designed to explore the boundaries of
possible system behavior under a wide range of assumptions or possibilities regarding DG
behavior and characteristics. Generally, the search for bounding behaviors drove the simulations
toward extreme cases in the search for understanding. This approach does not reflect a belief that
these particular extremes (e.g., 100% of all DG added has frequency control) are realistic but
rather is a means of identifying which characteristics are most important.

As noted above, the primary focus of this year’s efforts has been to examine a nearer-term
reality, which is dominated by the addition of rotating, conventional technology DG. Many cases
without DG and with inverter-based DG are provided for comparison and reference.

In bulk power systems, events on the major transmission corridors or those involving major
generating facilities will be felt electrically over the entire system. For example, events of the
past few years in the western United States have made the general public aware that disturbances
in the Pacific Northwest can affect the desert Southwest (and vice versa).

Widespread deployment of DG is clearly further in the future than localized high concentrations.
The widespread deployment of DG raises questions about the effect on dynamic performance of
the bulk power system.



As a recap, the Year 1 study accomplished the following:

Examined dynamic behavior of DG on distribution systems in which the DG was highly
integrated with diverse residential/commercial loads

Examined bulk power system behavior, with special concentration on inverter-based
technologies

Examined the tension between safety-related controls (especially anti-islanding) and bulk
system behavior, illustrating some conflicts among local imperatives, equipment
imperatives, and globally desirable (good citizen) behavior

Identified some aspects for concern, especially with respect to the sensitivity of tripping
for big events. These sensitivities increased the risk of cascading failures and widespread
collapse, contrary to the view of DG as an asset for system reliability.

This second year’s effort built on the first and focused on:

Closely examining rotating, conventional technology DG issues; testing ground for
better/wider use of DG

Searching for additional understanding to make this near-term reality mesh successfully
with the long-term vision

Examining the near-term projections and planning reality facing an operating US utility

Examining frequency and frequency regulation effects (which were only partially
addressed last year)

Looking for additional drivers for universal interconnect (UI) functionality

Looking for additional drivers and guidance for standards development (e.g., application
of 1547) and input for other new standards.



2 Penetration and Market Trends

2.1 Discussion
Major factors influencing the acceptance and deployment of DG in the United States are the

business realities and market forces now acting on traditional utilities.

With changes in regulation and unbundling of services, electric service providers are faced with
the challenge of balancing their obligation to serve load with the need to manage risk. These
basic requirements are in contrast with the need to keep customer rates down and maximize
shareholder value.

This section provides a brief examination of the planning reality facing one US utility and
examines how DG influences and fits within that reality.

2.2 Case Study

Bilateral power purchase agreements provide the backbone of power supply for electric service
providers. The utility, used as the subject in this case study, currently meets the majority of its
power supply in this fashion. Most bilateral agreements have fixed durations and need to be
periodically renegotiated or allowed to expire. This is an ongoing process and one to which DG
has the potential to add a significant variation.

Figure 2-1 shows existing bilateral contracts through 2040. The overall downward trend shows
the expiration of present contracts. This general trend applies to most utilities, though details will
vary considerably.
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Figure 2.1. Declining contract resources (studied utility)



This trend raises a major strategic question for the utility. Should it:

e Renew central station bilaterals
e Rely on the spot market or other market mechanisms
e Rely on DG?

These choices are not mutually exclusive, and the emergence of DG presents an additional class
of options. The near-term trends in Figure 2.1 are important. The studied utility has about 20% of
its bilateral contracts, totaling roughly 500 MW, expiring over the 5-year, near-term horizon.

To gain insight into the role of DG in meeting this 500-MW obligation, it is valuable to look at
what the utility can see in the near future for “DG” additions.

The studied utility tracks planned additions of DG. Figure 2-2 shows a Pareto chart of the 34
“DG” projects on the radar of the studied utility. The total planned capacity addition is about 300
MW. The timing of the “DG” additions for this sample is over the next few years. This is a key
point: these “DG” capacity additions are on the same order of magnitude as the loss in bilaterals.
“DG” by this measure is a major factor in the business strategy of this utility. Look more closely
at the figure.
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Figure 2.2. Pareto of known scheduled DG additions (studied utility)

The first four units are larger than the maximum DG rating addressed in the FERC NOPR. They
are regarded by the subject utility as “DG” but will be interconnected by central-station
interconnection rules—hence, the quotation marks. These additions are very important from a
business perspective, and they are important from an infrastructure perspective. But they are not
important with respect to the UL



Together, these first four units are 206 MW, or 69% of the total. That puts the significance of the
added DG into a different light. Truly distributed generation will constitute a much smaller
percentage of additions.

Figure 2-3 examines the DG additions more closely. This figure shows all of the known DG
additions of rating below the proposed FERC 2-MW break point. These dozen projects add up to
4.2 MW, or 1.4% of the known additions. The stress on “known” is important. Very small
generation is more likely to slip under the information-gathering radar of the host utility even if
interconnection requirements are in place. It is difficult to know how accurate such information
is. However, even if these represent only a fraction of the total DG to come on line in the near
future, the contributed power will be small from a bulk system perspective, though not
necessarily from the perspective of the local power system.

DG additions (known) < 2 MW
2500
2000 1
e
= 1500
©
(14
= 1000 —
4
500
& S S ¥ & & & S S S &
& (\c‘)é\ (\b&}\ Qéo‘}\ v\\@‘o &"\\ Qéoc}\ &\)c}\ (\6\@\ Qéo\\ Qéoé\ b‘)\\
& N W \N & \\0 \N \N N \N \N \\0
) O O O o> O O O O >
N & & & S & S
O W TS
D

Figure 2.3. Units less than 2 MW - Pareto of known scheduled DG additions (studied utility)

Figure 2-4 examines DG additions in the FERC range of 2-20 MW. The 15 units here total 89
MW, or 30% of the total on the sample utility radar. These units are big enough to make a
significant difference in system dynamics and yet small enough to possibly escape closer
scrutiny, especially with respect to system performance. Proposed FERC rules and most utility
rules do require complete system interconnection studies and protection for equipment in this
size range.

Notice that all of the generation in the 2-20 MW range is rotating machines, with a mixture of
fossil and hydro prime movers.
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Figure 2.4. Units more than 2 MW and less than 20 MW — FERC Level 2 Pareto of known scheduled
DG additions (studied utility)

Some observations can be drawn from this sample data:

e A relatively small number of large customer-owned generation dominates the known
nonutility generation additions.

e The total power from these sources is large enough to have a substantial effect on the
business of the host utility and is likely to influence system performance as well (see next

section).

e A significant amount of new generation is in the 2-20 MW range. DG is here and
happening now for this utility.

e [t is possible that the small DG (less than 2 MW) is either not happening or not visible to
the host utility. It is not clear from this data how much concern about these sources is

necessary from a bulk system perspective.

The real data from this example provided some of the guidance for the system analysis presented
in the next two sections for this year’s work.



3 Dynamics of Bulk Power Systems With High DG Penetration

3.1 Control and Protection of Rotating DG

Rotating, synchronous DG has inherent performance characteristics that are generally
complementary to the operation of power systems. Synchronous machines provide virtually all
power generation in all power systems, and a century of application practice and equipment has
grown to meet the requirements they impose on the system.

Although the basic dynamic behavior of synchronous generators is inherent, there is latitude to
modify or adopt protection and control practices without incurring substantial capital costs or
requiring fundamental changes in hardware.

The control and protection of individual distributed generators naturally tend toward the interest
of the buyer. The behavior of these individual distributed generators may or may not be
beneficial to the performance of the bulk system. The DG owner may not be rewarded
economically for providing system benefits.

The introduction of DG presents some challenges to the power system because the connection of
DG, when it is imbedded in the distribution system with customer load, complicates operation
and protection of the distribution system. Many aspects of these complications were examined in
the first-year study [1].

This section investigates implications of the controls that are commonly provided with DG with
respect to the interests of the bulk power system. The investigation is aimed at identifying
potential benefits and risks to the bulk power system arising from these practices.

The following subsections present a brief explanation of typical unit controls that might be
provided with rotating DG.

3.1.1 Excitation

Every synchronous machine maintains the magnetic field required for synchronism by means of
another externally powered magnetic field. In very simple permanent magnet machines (which
are typically very small), this field is fixed. For all other synchronous machines, the field is
maintained by means of an excitation system—an exciter, for short.

The exciter delivers direct current to the machine field (on the rotor of the machine). The
excitation can normally be adjusted or controlled, and the differences in this control can be
substantial—or more importantly, have substantial effects on the behavior of the power system.

Manual Control

Manual control requires that a human operator adjust a setting to raise or lower the reactive
power output (and normally the resultant steady-state voltage) of the machine. Human control
can be important for slow variations in system condition, e.g., daily or seasonal variations. It is
largely irrelevant for faster phenomena such as system upsets. For the purpose of this report,
manual control is equivalent to no excitation control at all. Manual control is often found on
synchronous generators, sometimes including rather large ones.
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Constant Power Factor

Automatic controls can be used to hold a constant power factor (i.e., a fixed ratio of active to
reactive power). Such control is quite common. Owners of generation will often set the power
factor control to hold unity power factor—that is, to produce only active power (kilowatts),
leaving all voltage regulation and support functions to other sources, often the host grid. This
operating philosophy often makes good economic sense to the DG owner. Unity power factor
normally represents the minimum loss operating point for the machine. The DG owner may not
be rewarded for providing reactive power or voltage support and is therefore unmotivated to
incur costs to do so. (Or conversely, the owner may not be “punished” for failure to do so.)

Voltage Control

Voltage control results when machine excitation is adjusted in a closed-loop automatic fashion in
response to deviations in measured voltage (e.g., at the terminals of the machine) from a voltage
reference. Such control is standard practice for large, central-station generation and is a
component of bulk power system operation and security. Voltage control on DG has the potential
to complicate voltage and reactive power management on distribution systems [1]. On the other
hand, there are examples of how voltage regulation has the potential to improve system
performance. Voltage regulation is a requirement for isolated operation but is contrary to anti-
islanding. (This was investigated at some length in the first year.)

3.1.2 Governor

The active power output of a synchronous generator is controlled by the energy source—the
prime mover, which is normally either a turbine (hydro, steam, or gas) or an engine (diesel or
gas). Control of the active power output is by a governor and can sometimes be adjusted. Again,
the differences in this control can be substantial—or more importantly, can have substantial
effects on the behavior of the power system.

Constant Power Control

The power output of a distributed generator can be held constant within the constraints of the
prime mover. This type of control is used for base load generation and is preferred for grid-
connected DG to minimize the potential for sustained islanding. This arrangement can
sometimes have the benefit of allowing steady operation at an optimum performance level for the
energy source. For some devices, cleaner and more efficient operation may result from constant
power operation. For grid-parallel operation, there is no requirement that the energy source
actively respond to system disturbances.

Thermal Load Following

Power generation that is an integrated part of a large energy system will often “follow” the load.
For example, steam or other heat needed for processes or space heating will dictate the overall
energy production. The electric power produced in the process of meeting this primary need is
therefore not controlled for the benefit of the EPS. This practice is relatively common in
industrial applications and could be significant in combined heat and power and combined
cooling, heating, and power applications as well.
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In a sense, many types of microhydro fall functionally into this category. Hydro that relies solely
on flow (i.e., run of river, with no controllable water storage) must produce power in relationship
to the available flow or uneconomically spill water without generating power.

Frequency control

The balance between load and power production dictates the frequency of the power system. In
large interconnected power systems, a significant fraction of the central-station generation
participates in frequency regulation—increasing power output when the frequency drops and
reducing output when the frequency rises. The first line of frequency control is the local machine
governor, which provides the spinning reserve for the system.

For DG, this type of control will be required for islanded operation but will not normally be
applied to grid-connected devices. Frequency control will (generally) direct the DG to increase
power output in response to frequency depressions.

3.1.3 Anti-Islanding Implementations

The options for active detection of islanding are somewhat more limited for conventional
rotating DG than they are for inverter-based devices. Active anti-islanding must act through
existing controls, i.e., the exciter or the prime mover controls.

In one arrangement under consideration by a conventional rotating-DG manufacturer, the fuel
flow to the engine is increased in response to a measured increase in system frequency. Active
anti-islanding schemes of this type are designed to destabilize a local islanded power system. A
reasonable simplification for these systems from a system perspective is a governor function
with a negative gain—i.e., one that raises output with increased frequency and vice versa. The
bulk system implications of this type of control are considered below.

3.2 System Modeling

Simulations of bulk power system dynamic behavior depend on both software with appropriate
models and data specific to the particulars of the system under study to support those models.
This section describes the modeling used for investigation of bulk power system effects of high
levels of DG penetration.

3.2.1 PSLF Description

GE PSLF is a large-scale power systems analysis software program designed to provide
comprehensive and accurate load flow, dynamic simulation, and short circuit analysis. It is a
commercial software product developed, supported, used, and distributed by GE Power Systems
Energy Consulting.

PSLF is a positive sequence, fundamental frequency phasor analysis tool. This tool can handle
large-scale power system problems. System models with thousands of generators and tens of
thousands of buses, loads, and circuit elements are commonly used. It is one of the industry
standards for this type of analysis and is widely accepted by electric power businesses.

The tool is suitable for investigating a wide range of fundamental power system issues, such as:

12



Voltage profile

Short circuit current levels

Active and reactive power flows

Thermal (current) loading on circuit elements

Transient stability (maintenance of synchronism)

Dynamic stability (damping of electromechanical oscillations between generators)
Voltage stability and collapse

Reactive power control and management

Frequency control

Power interchange control.

These issues are constantly under consideration by electric utilities. The introduction of DG to
the power system has the potential to affect all these issues, and so PSLF (as well as other similar
tools) are well suited for investigation of possible effects.

A detailed description of the PSLF program is provided in [7].

For PSLF power system simulations that include DG, the DG is represented at various levels of
detail. As noted above, from a power system performance perspective, there are two general
classes of DG:

e Rotating machinery, including synchronous generators and induction generators.
Synchronous generators include reciprocating engines (diesel and gas), minihydro, small
gas turbines, and many wind systems. Induction generators are used for some wind and
microhydro systems.

e Inverter-based DG, which includes most emerging technologies such as fuel cells,
microturbines, photovoltaics, and some wind systems.

Modeling electrical components of synchronous and induction generation for fundamental
frequency is a well-established art. PSLF includes a full suite of industry-accepted models for
synchronous generators, induction machines, excitation systems, turbines, engines, speed
governors, and protective relays. These models, with appropriately selected parameters, are well
suited to modeling rotating machinery. Further, the fundamental frequency behavior of power
systems, which include a wide variety of synchronous generation, is well understood [4].

Modeling of inverter-based systems for fundamental frequency dynamic performance builds on a
reasonably established experience base, which includes modeling power electronics in power
systems.

3.2.1.1 PSLF EPS Models

The modeling of the EPS network in PSLF is through algebraic device models that are
compatible with phasor analysis. As such, all network elements such as transmission and
distribution lines, cables, transformers, capacitors, and inductors are modeled by their
fundamental frequency (i.e., 60 Hz) positive sequence impedances. Series elements, including all
lines and cables, will normally include a resistive and inductive impedance. The capacitive
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charging of cables and long lines is included using the standard p-equivalent model. Transformer
models always include leakage reactance and a nominal turns ratio. Additional detail for
transformers can include winding resistance, multiple windings, no-load magnetizing reactance
(to ground), and load tap changers. Shunt devices such as switched capacitors may include
voltage-sensitive switching controls.

3.2.1.2 PSLF Load Models

In the examination of potential DG effects and dynamic performance on power systems,
representation of load dynamics is critical. The dynamic behavior of the motors, which make up
a major share of the total load served on normal power systems, is critical. Representation of
loads as simple shunt resistances and reactances is incorrect and can be misleading when seeking
to understand potential dynamic behavior of power systems with DG.

3.2.2 Rotating DG — Generator

The generator used in this report is represented by a typical uniform inductance ratio rotor model
(WSCC Type F mode) in which shaft speed effects are neglected. Figure 3.1 shows the generator
model. For the investigations in this report, a representative set of parameters for the model was
used. These are listed in Table 3.1. All DG modeled in the WECC system simulations were
assumed to have these parameters, with only the size (megavolt-ampere rating) being adjusted
for each of the thousands of sites. Of course, in practice, there is a range of parameters for
machines. Nevertheless, this approach gives good insight into overall system effects of
widespread DG penetration.

This investigation only considered synchronous generation; it did not consider induction
generation, for which voltage control is not an option. Some governor control is possible. As we
noted above, induction-type rotating generation tends to be limited to very small sources.
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Figure 3.1. Generic rotating synchronous distributed generator model
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Table 3.1. Generator Model Parameters

T'do D-axis transient rotor time constant, s 5.560
T"do D-axis sub-transient rotor time constant, s 0.038
Tqo Q-axis transient rotor time constant, s 0.840
T’qo Q-axis sub-transient rotor time constant, s 0.055
H Inertia constant, s 4.555
D Damping factor, pu 0.000
Ld D-axis synchronous reactance, pu 1.921
Lq Q-axis synchronous reactance, pu 1.885
L'd D-axis transient reactance, pu 0.266
L'q Q-axis transient reactance, pu 0.422
L"d D-axis sub-transient reactance, pu 0.176
L"q Q-axis sub-transient reactance, pu 0.182
L1 Stator leakage reactance, pu 0.170
Se (1.0) Saturation factor at 1 pu flux 0.124
Se (1.2) Saturation factor at 1.2 pu flux 0.550
Ra Stator resistance, pu 0.0038
Rcomm Compounding resistance for voltage control, pu 0.000
Xcomm Compounding resistance for voltage control, pu 0.000

3.2.3 Rotating DG — Excitation
Exciters come in a variety of forms and models. As with the machine models, a single exciter
model was used for all DG in the simulations.

The exciter used was an IEEE-type ST1 excitation system, which is a modern bus-fed exciter
with a high-speed voltage regulator. It is representative of an exciter that might be found on a
small rotating distributed generator. Figure 3.2 shows the exciter model. The parameters used for
the study are listed in Table 3.2.
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Figure 3.2. Generic rotating synchronous DG exciter model
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Table 3.2. Exciter Model Parameters

Tr Filter time constant, s 0.025
Vimax Maximum error, pu 7.000
Vimin Minimum error, pu -7.000

Tc Lead time constant, s 1.000

Tb Lag time constant, s 10.000

Ka Gain, pu 210.000

Ta Time constant, s 0.020
Vrmax Maximum controller output, pu 6.430
Vrmin Minimum controller output, pu -6.000

Kc Excitation system regulation factor, pu 0.038

Kf Rate feedback gain 0.000

Tf Rate feedback time constant, s 0.000

Tc1 Lead time constant, s 0.000
Tb1 Lag time constant, s 0.000
Vamax Maximum control element output, pu 99.000
Vamin Minimum control element output, pu -99.000

Xe Excitation transformer effective reactance, pu 0.000

lr Maximum field current, pu 99.000

Kir Gain on field current limit 0.000

3.2.4 Rotating DG — Governor
Machine governors also come in a variety of forms and models. As with the machine models, a
single governor model was used for all DG in the simulations.

The IEEE steam turbine/governor model (with deadband and nonlinear value gain added) was
used for all simulations involving governors. Figure 3.3 shows the governor model. The non-zero
parameters used are listed in Table 3.3.
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Figure 3.3. Generic rotating synchronous DG governor model

16



Table 3.3. Governor Model Parameters

K Governor gain (reciprocal of droop), pu 20.000
T1 Governor lag time constant, s 0.150
T2 Governor lead time constant, s 0.000
T3 Valve positioner time constant, s 0.100
Uo Maximum valve opening velocity, pu/s 0.100
Uc Maximum valve closing velocity, pu/s -0.200

Pmax Maximum valve opening, pu of mwcap 1.000
Pmin Minimum valve opening, pu of mwcap 0.000
T4 Inlet piping/steam bowl time constant, s 0.300

K1 Fraction of hp shaft power after first boiler pass 0.237
K2 Fraction of Ip shaft power after first boiler pass 0.000
T5 Time constant of second boiler pass, s 10.000
K3 Fraction of hp shaft power after second boiler pass 0.763
K4 Fraction of Ip shaft power after second boiler pass 0.000

3.2.5 Inverter DG

Figure 3.4 shows an inverter-based DG structure with the anti-islanding schemes highlighted (in
red). This structure is discussed in depth in references [1] and [3]. The anti-islanding schemes
work through two paths of the inverter control. The first path primarily affects the power output,
via the current magnitude control, in response to voltage deviations. The second path primarily
affects the synchronization of the DG, through the angle, in response to frequency deviations.
These two schemes were applied together for the cases presented in this section.
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Figure 3.4. Positive sequence DG inverter-based model with anti-islanding paths
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3.2.6 Western Energy Coordinating Council

A model of the entire Western Energy Coordinating Council (WECC), formerly the Western
Systems Coordinating Council (WSCC), bulk power system was used for this investigation. A
transmission map of WECC is shown in Figure 3.5. WECC includes the entire western half of
the United States (from east of the Rocky Mountains to the Pacific Ocean); all of Alberta and
British Columbia, Canada; and a portion of northern Baja, Mexico. The model was obtained
from Puget Sound Energy and includes 12,082 buses and 2,291 generators. The condition
represented in this data set is for heavy winter load conditions for the year 2001. This full system
model is used to examine bulk power system effects that may result from widespread
deployment of DG and the effect of variations in DG characteristics. The specific focus of the
investigations was on system dynamics following disturbances under high-stress conditions.

oy
K - : T : WESTERN SYSTEMS CODRODINATING COUMCI
L. + F— WAR DF PRIMCIFPAL TRANSMISSION LIMES
k 1 : o { .f{l -') JAMLIARY 1, 2o
| LA
off 1 T -
Nt f \ LEGEND
\..,.--""H_:‘. f o j‘}% — | {.-""_ Rt 0 NI e LR BT
K \xg!’ o # - i __.l'_—- 1 OB WY
A Ver L sca =
---*‘ a -\: i & . T L] =0 e
.:,J'r' T =1 \—I- ot g - ﬁ\T\I T B30 W - 8T W
% e e R Y I
"-‘- ;’#‘k‘ka’“‘l: a .._. - :'“:. n:‘ P
= o " J‘?_{ o "';-q = U
i L s & ¥ H i1 S, p—e
I e A =
n--IJ:‘I.-,: Td _.I' \-.1 LL;' &
. Vs :
‘b\ - R P T Y
e, ] feak: 2
s 2P ek
) a— b% A 5 Bl
At L 1T -
Y - \f | _ o .“-‘-é-:-
Malin o O . i v S bin i
Station | .7 Nt ;" e A
<4 2L RKEN
v LM JI;I'\ S
i . Ly =1 1’ 1y By |
b \}. bl 7
- I~ kT ot ._'I'/- > ok
1% | A% T TN
Path 15 1 | : S
= L i T R P
i} b2 4 T ¥ i ¥—. 1
Llg i A ol o
L/l i Palo Verd
A [ : / [ ’ alo verae
e e [ =1 e T R E g -
) s b ) AR P NPS
7 L\ Ty il ) 3;
S —
i v

Figure 3.5. Major transmission in WECC
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Static load flow analysis of this system provides boundary conditions to examine the dynamics
resulting from system disturbances. Figure 3.6 shows the voltages, active power, and reactive
power flows around a representative key 500-kV substation in the Pacific Northwest: the Malin
substation. Flows are given in megawatts (above the line) and megavolt-amperes reactive (below
the line). This figure is included to provide a sense of the scale of bulk power exchange in a large
interconnected system such as the WECC. Flows south from Malin to Round Mountain (across
the California-Oregon Interface) total more than 2,000 MW.
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Figure 3.6. Power flows around the California-Oregon border (Malin station) in WECC
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3.3 WECC Results

As initially noted, in bulk power systems, events on the major transmission corridors or those
involving major generating facilities will be felt electrically over the entire system. For example,
events of the past few years in the western United States have made the general public aware that
disturbances in the Pacific Northwest can affect the desert Southwest (and vice versa).

It is that fundamental observation that drives the need to investigate the aggregate effect of a
significant penetration of DG on the behavior of the power system.

Many questions immediately present themselves:

e How many distributed generators constitute “significant” penetration?
e Will the dynamic behavior of DG benefit or hurt system performance?
e What aspects of the dynamic behavior of DG cause these effects?

The first year’s investigation showed significant effects at between 10% and 20% penetration for
the WECC system and condition examined (summer peak load). Therefore, a 20% penetration
level has been retained for this investigation, which is focused on providing insight into the other
two questions with rotating DG.

3.3.1 Line (Voltage/Angular Stability) Events

The dynamic response of this system to large events involves the entire power grid. To illustrate
this point, a simulation of a severe (bolted three-phase) fault at the Malin 500-kV substation near
the California-Oregon border, cleared by opening Circuit #2 of the 500-kV line south to the
Round Mountain 500-kV station, was run. Time traces for some key system variables are shown
in Figure 3.7. These are:

Palo Verde frequency: Arizona

Malin frequency and voltage: California-Oregon Border

Midway voltage: Central California

Malin-Round Mountain (Circuit #1) power: California-Oregon Interface
Gates-Midway (Circuit #1) power: Central California (Path 15) Interface.

There are four color traces on each of the six sets of axes. These represent four sets of DG
assumptions, subject to the same fault:

e The black trace is for no DG.

e The red trace is for inverter-based DG with no controls.

e The green trace is for inverter-based DG with full controls (per Figure 3.4).
e The blue trace is for conventional rotating DG with no controls.

In these time traces, one can see that a disturbance (the fault) occurs at 0.5 seconds and is
removed by protective relay action about 70 ms later.

As shown in the lower left traces of Figure 3.7, the Malin-Round Mountain circuit is initially
carrying about 1,000 MW. When the parallel circuit (#2) trips, much of the power flow on the
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remaining circuit swings to near 2,000 MW and then settles to around 1,800 MW. Figure 3.7
shows the voltage and frequency swings on a few 500-kV buses of interest.

A more complete set of traces is included in the appendices for each of the simulation result
figures presented in this section. The traces in the appendices include a wide range of system and
machine variables from around the WECC.

Several important observations can be made from this case:

1. First and most importantly, large events on the bulk power system affect every generator
and load in the entire power system. All 2,000-plus central-station generating stations in
the WECC are affected by the fault on the California-Oregon border, and they all
participate in varying degrees in the resulting dynamics. It is clear from this case that
every distributed generator that might be deployed in this system will also participate in
the dynamics of these events.

2. Second, the action of DG with controls can significantly alter the system dynamics. This
is shown clearly in the green trace.

3. Third, the inherent (i.e., uncontrolled) response of DG has relatively little effect on the
system dynamics for this event.

The set of cases presented in Figure 3.7 provides some context for further investigation of the
effect of controls that might be found on conventional rotating DG.
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Figure 3.7. Major transmission fault in WECC — comparison with basic controls
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The same fault event is reported again in the traces of Figure 3.8. In this case, the traces
correspond to the following sets of modeling:

e The black trace is for no DG.

e The red trace is for conventional rotating DG with no controls acting on the prime mover
or rotor field current within the timeframe of the simulation.

e The green trace is for conventional rotating DG with exciter/voltage regulation control
(per Figure 3.2).

e The blue trace is for conventional rotating DG with governor/frequency regulation
control (per Figure 3.3).

These control assumptions are intended to provide performance representative of the control
philosophies outlined in Section 3.1 for the time frame of these simulations. In particular, the red
trace corresponds to DG with fixed field or power factor controls and fixed power outputs.

Several observations can be made from this set of cases:

o First, the excitation/voltage control has considerably more effect on the system response
than the governor response. This is expected because this type of event creates much
larger voltage disruptions than frequency disruptions. Thus, controllers that respond to
the larger signal will have more effect.

e The first swing response of the system is somewhat better with the rotating DG, especially
those with voltage regulation. This is most apparent in the Palo Verde frequency swing
(which peaks at about 1.5 s) but can also be seen in other system variables.

e The effect on the system damping (i.e., the oscillatory response) is moderate. The shape
of the swing curves (and therefore, the mode shapes) is noticeably different, though none
of the cases shows much difference in the settling time (i.e., how long it takes for the
oscillations to die out). This suggests that the rotating DG is relatively benign with
respect to damping effect. However, because the mode shapes are changed, it is possible
that the true effect on damping may be obscured from easy identification in a few
seconds of simulation.
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Figure 3.8. Major transmission fault in WECC — comparison of various rotating DG controls
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3.3.2 Frequency/Capacity Events

The following cases show the response of the WECC following an unusually severe event. In
this case, a very large power station with multiple units—the Palo Verde NPS, generating more
than 3,000 MW—is assumed to be tripped off line by some common-mode disturbance. (It
should be noted that this disturbance is more severe than standard “N-1"" planning criteria.
WECC criteria dictate that the power system should survive this disturbance, but limited
customer interruptions are allowable for events of this severity.)

The same system variables are reported again in the traces of Figure 3.9. In this case, the traces
correspond to the following sets of modeling:

The black trace is for no DG.

The red trace is for inverter-based DG with no controls.

The green trace is for inverter-based DG with full controls (per Figure 3.4).

The blue trace is for conventional rotating DG without prime mover or excitation
controls.

In this case, loss of a major generating station causes a severe decay in system frequency. The
frequency drops fastest at the Palo Verde station but is felt a thousand miles away at Malin
within the first second.

A couple of observations can be made from this set of cases:

e First, the action of inverter controls dramatically alters the system dynamics. The green
trace shows a faster frequency drop followed by a somewhat better voltage and frequency
recovery. (The underlying cause of this response will be discussed more with the next set
of cases).

e Second, the behavior of the system with the uncontrolled rotating DG is slightly better.
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Figure 3.9. Major generation loss event in WECC — comparison with basic controls
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The same fault event is reported again in the traces of Figure 3.10. In this case, the traces
correspond to the following sets of modeling:

e The black trace is for no DG.
e The red trace is for conventional rotating DG without prime mover or exciter controls.

e The green trace is for conventional rotating DG with exciter/voltage regulation control
(per Figure 3.2).

e The blue trace is for conventional rotating DG with governor/frequency regulation
control (per Figure 3.3).

Two important observations can be made from this set of cases:

e First, and most surprisingly, the excitation/voltage control (green trace) has a strong and
adverse effect on the system response. The system frequency excursion is made
substantially worse, with frequencies dropping below 59.7 Hz—commonly the first level
of under frequency load shedding. Closer inspection of the system dynamics reveals the
reason for this response. Following this large system disturbance, both voltages and
frequencies drop. The drop in voltage near the customer loads results in a temporary
reduction in their power consumption. This is a beneficial effect, sometimes termed “load
relief,” resulting from the load-voltage sensitivity. In this system, the widespread
deployment of DG is modeled as occurring at the loads. When the excitation systems are
equipped with voltage regulators, they work to hold up the load voltages, reducing the
load relief and aggravating the frequency decline. For this class of event, the presence of
voltage regulation without a complementary frequency regulation function is much worse
than with no DG control at all.

e As might be expected, the presence of governor/frequency regulation (blue trace) helps
the system response, improving the frequency recovery and reducing the amplitude of the
voltage swings.
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Figure 3.10. Major generation loss event in WECC — comparison of various rotating DG controls
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3.3.3 Under Frequency Trip Sensitivity

Interconnection standards for DG, including 1547 and most state DG interconnection standards,
have requirements for under voltage and under frequency tripping of DG. These requirements are
directed at ensuring that DG rapidly disconnects in response to problems on the distribution system.
However, because large-scale disturbances can cause widespread voltage and frequency excursions,
this requirement raises some concerns about its potential effect on bulk system dynamics.

Most of the new standards and guidelines dictate that DG disconnect when frequencies drop
more than 0.7 Hz. It is important to note that these documents specify the minimum frequency to
trip. The DG may trip at higher frequencies than this. In fact, to achieve very rapid islanding
detection to coordinate with circuit reclosing delays, a DG installer may have strong incentives
to set the under frequency trip point as sensitive (high) as possible.

Figure 3.11 presents a case in which aggressive under frequency tripping of the DG is applied.

e The black trace is for no DG.
e The red trace is for conventional rotating DG with no controls.
e The green trace shows behavior with under frequency DG tripping.

The disturbance for these cases is the same very severe event shown in the previous case:
tripping of a large multiunit power plant. In each case, there is 20% DG penetration, as described
above. The under frequency trip level (based on machine speed as would normally be the case,
rather than transduced from voltage signals) is set at 59.8 Hz, which is the maximum under
frequency trip point specified in IEEE 1547 for large (more than 30 kW) DG. Figure 3.11 shows
the cumulative behavior of the DG driving the system into widespread disruption.

During the initial stages of the disturbance, the frequency in the vicinity of Palo Verde drops
fastest. Within the first few hundred milliseconds following the disturbance, the frequency drops
more quickly as DG starts to trip on low frequency.

The subsequent widespread power shortage, because of the DG tripping, causes a cascading
failure. Over the course of the next few seconds, several thousand more megawatts of DG trip.
The details are relatively unimportant because the system is beyond the point of no return a
fraction of a second following the fault clearing. The results are somewhat alarming. The
widespread frequency depression because of the fault causes many distributed generators
throughout the system to trip, which leads to a cascading failure of the entire network.

The lower right traces show the power flow on one circuit of Path 15 in central California. The
power on that circuit rises quickly as power flows from the north to help make up the deficiency
caused by the generator tripping. Widespread tripping of generation halts this balance as the
system voltage collapses. The entire system is in full-blown irreversible collapse by 1.5 s. In the
last stages of a system breakup like this, the voltage collapses, driving the load power down. The
frequency rises uncontrollably. Past experience in WECC is that the system breaks up into
isolated electrical service areas, some of which would be viable and maintain service. Others
would be unstable and black out.
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WECC Systermn Information (Trip 3 Palo Verte generators)
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Figure 3.11. Major generation loss event in WECC - effect of under frequency tripping
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3.3.4 Active Anti-Islanding Effects

The potential effect of active anti-islanding, as discussed in Section 3.1.3, was tested on the same
fault event. The same variables are again presented in the traces of Figure 3.12. In this case, the
traces correspond to the following sets of modeling:

e The black trace is for no DG.
e The red trace is for conventional rotating DG with no controls.

e The green trace is for conventional rotating DG with governor/frequency regulation
control (per Figure 3.3).

e The blue trace is for conventional rotating DG with a governor with negative frequency
regulation gain as an approximation to governor-based active anti-islanding (per
discussion in Section 3.1.3 and Figure 3.3).

The principal observation from this case is that the active anti-islanding, while relatively benign,
does aggravate the frequency depression and impede recovery. Sustained negative response to
frequency deviations is not beneficial, and schemes should avoid this simplistic approach.
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Figure 3.12. Major generation loss event in WECC - effect of active anti-islanding
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4 Microgrids

4.1 Introduction

One class of dynamic effect of immediate concern is the potential for DG to alter the local
dynamics of a specific subsystem or distribution feeder. This becomes a concern when there is a
significant penetration of DG relative to the total load power on that feeder. Such localized
concentrations are likely to occur even before DG becomes more commonplace. Thus, there is
some urgency for the power industry to understand the possible effects of locally high
concentrations of DG.

One business and technical structure that shows promise as a means of taking full advantage of
DG is the microgrid. Microgrids are receiving considerable interest from the power community
[8]. “Microgrid” is a loosely defined term that describes a small power system, generally with
multiple generators and loads. Concepts for microgrids fall into two general categories:

e Systems that are intended to always operate isolated from a large utility grid
e Systems that are normally connected to a larger grid.

Conceptually, the isolated microgrid is like a scaled-down version of a large-scale utility grid.
Many of the technical requirements are the same. To supply reliable, quality power, the
microgrid must have mechanisms to regulate voltage and frequency in response to changes in
customer loads and disturbances. The penetration of DG in an isolated microgrid is, by
definition, 100%—all power comes from DG.

For the grid-connected microgrid, the distinction is more subtle. The basic concept is that a well-
defined subset or subsystem contains loads and local DG. The penetration of DG for this
subsystem could approach or even exceed 100%. The microgrid would be designed and operated
such that it presents the appearance of a single predictable and orderly load or generator to the
grid at the point of interconnection. This arrangement provides potential advantages for all
stakeholders:

¢ DG owners may be able to rate and operate their generation more economically by being
able to export (and import) power to the microgrid.

e The microgrid takes advantage of load diversity to reduce the total installed DG capacity
required.

e Load customers may be able to have continued service (possibly at a reduced level) when
connection to the host utility is lost.

e The host utility may be able to depend on the microgrid to serve load customers in such a
fashion that substation and bulk power infrastructure need not be rated (or expanded) to
meet the entire load, as if the DG were not present. (This last point is a major, legitimate
obstacle to DG.)

e The microgrid could be controlled in such a fashion as to be an active asset to bulk
system reliability (for example, by providing spinning reserve or black start services).
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To realize these potential benefits, the distributed generators in the microgrid must have, at the
least, additional controls. Further, most of these potential benefits require some level of
coordination and communication. These controls, which are basically aimed at allowing viable
standalone operation and intentional islands, are largely incompatible with present industry
trends and the requirements of current interconnection standards.

The business and regulatory environments presently do not favor multiparty microgrids—those
in which power and services are exchanged between third parties over regulated power
distribution infrastructure. The result of this environment is that individual entities, such as
industrial or institutional facilities, represent the first generation of microgrids. The entities that
turn to DG for their power needs are the “first adapters” from which industry understanding and
best practices can evolve for microgrids.

The explorations of microgrids for this year’s effort are focused on these single business entity
microgrids. For clarity, we have termed this more narrowly defined structure a “facility
microgrid.”

4.2 Facility Microgrid Model
A relatively simple facility with a variety of loads and DG was used for investigation of facility
microgrid dynamic behaviors.

A one-line of the system—showing the loads, DG, and power flow for the base condition—is
shown in Figure 4.1. It includes most basic distribution system components expected to be
important for investigation of fundamental frequency performance issues.

The facility has a main 13.8-kV service bus, with multiple laterals serving individual blocks of
load. The loads are a variety of motors with different dynamic characteristics. The facility
connects to a host utility at a point of common connection (PCC) at 115 kV. The 115-kV system
is greatly simplified, with two equivalent lines leading to an equivalent hub node. Two individual
6-MVA distributed generators are connected to the main facility bus through individual
transformers. The model, although simple, is suitable for examination of equipment interactions
and response to power system stimulus. It has been designed to also be suitable for investigation
of the performance of microgrid applications.
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Figure 4.1. One-line of facility — active and reactive power flows

The line and transformer impedances for the system are shown in Figure 4.2. In the figure,
reactances appear below the line and are given on a 100-MV A base. Each bus is labeled with a
name, node number, the initial voltage in pu (per unit), and the initial voltage in kilovolts. Circles

with “m” are motors. The distributed generators are labeled as such.
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Figure 4.2. One-line of facility — resistance and reactance of network elements

4.3 Microgrid Dynamics

4.3.1 Host/Macro Grid Events

The facility microgrid will normally be connected to the host utility (macro grid, or Area EPS).
Depending on design and operation philosophy, as well as on the contractual arrangement with the
host utility, the facility microgrid is most likely to rely on the host grid for a portion of its power,
with the balance being generated by the DG imbedded in the microgrid. This is the case for the
study system. The initial condition for disturbances studied here is with some power imported, as
shown in Figure 4.1. In this case, about 10% (1.4 MW) of the facility power is imported.

When there are disturbances on the macrogrid, the microgrid will respond. Large remote
disturbances of the type examined in Section 3 will affect the microgrid. However, disturbances
that are electrically nearby have a much higher likelihood of disrupting operation.

Figures 4.3, 4.4, 4.5, and 4.6 show the response of the facility microgrid to a fault on the host
system. The event simulated is a fault at the midpoint of one of the two 115-kV lines from point
of interconnection to the system equivalent hub. The fault is cleared by removal of the faulted
line, which leaves the connection of the microgrid to the host system weaker.

Each of the four figures shows a different system variable for this event. In each figure, there are
five traces showing different DG technologies and controls. For each figure:

e The dark blue trace is for no DG.

e The pink trace is for inverter DG with full controls (voltage and frequency regulation).
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e The red trace is for rotating DG with full controls (conventional voltage
regulator/excitation and frequency regulation/governor).

e The light blue trace is for inverter DG without controls (passive).

e The purple trace is for rotating DG without controls (passive).
Figure 4.3 shows the voltage at the motor loads within the facility.

Figure 4.4 shows the active power exchange between the facility microgrid and the host
macrogrid.

Figure 4.5 shows the speed of some of the motors in the facility, and Figure 4.6 shows the
current drawn by the loads.

A number of observations can be made from these cases:

e The most important observation is that the behavior of the system is significantly
different for each set of assumptions. The cases with no DG and passive inverter-based
DG fail to recover from the fault—that is, the load in the facility is disrupted, and the
facility would likely trip some or all of its load and the DG. The collapse of the motor
speed is graphic evidence of the failed recovery. The motors have stalled and, in the
process, have collapsed the voltage. As a result of the collapsed voltage, the motors
cannot restart, so the voltage cannot recover.

e This failed recovery is not only disruptive to the microgrid load, but it is also disruptive
to the host grid. This is evident in the high currents drawn after the load stalls. This could
cause false trips of protective relaying and possibly result in outage of other customers on
the host grid. The addition of control for both types of DG allows a successful recovery,
and all parties benefit.

e The presence of DG in the microgrid can be beneficial to both the microgrid (DG owner)
and the grid. (The no-DG case failed.)

e The failure of the passive (i.e., no-control) inverter DG shows that lack of control does
have a penalty when compared with the WECC cases (e.g., compare black and red traces
in Figure 3.8) in which the no-control case was relatively benign.

e The passive rotating-based DG was more benign. This may be because of the inherent
mechanical (and magnetic) inertia of the machine, which may make recovery naturally
friendlier. Conversely, the best performance results from the inverter-based DG with a
full set of controls. (“Best performance” is based on fastest recovery to normal voltage
and speed). This is not surprising. The inverter-based technologies are more controllable
and are more dependent on good control—these are different faces of the same nature of
the equipment.
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Figure 4.3. Microgrid load bus voltage — following grid disturbance
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Figure 4.4. Active power into microgrid — following grid disturbance
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Figure 4.5. Microgrid load motor speeds — following grid disturbance
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Figure 4.6. Microgrid load currents — following grid disturbance
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4.3.2 Island Events

One of the most attractive aspects of a facility microgrid is the potential for the facility to
separate, or island, from the grid. In the simplest sense, this provides a higher level of reliability
for the facility than can be obtained from reliance on the grid alone. This extra reliability is
often the primary motive for considering individual applications of DG, and it easily expands to
the microgrid.

The benefits to the microgrid are fairly obvious; however, this capability also can be beneficial to
the host grid. Consider the results presented in Section 3. The single largest concern identified
was risk from DG tripping but leaving its associated load connected. Alternatively, the
successful islanding of an entire microgrid from the host utility in response to large system
disturbances would reduce the stress on the grid. For local disturbances, the action of a single
microgrid might be enough to produce significant benefits. On the larger scale of an entire
system, high penetrations of DG incorporated into microgrids with such an islanding operating
philosophy could have substantial system-wide benefits.

The ability of a grid-connected microgrid to survive loss of connection to the host utility depends
on a number of factors. The microgrid must have sufficient dynamic regulating capability to be
able to tolerate the change in both active and reactive power flow that will result from loss of the
utility tie. This means that at least some of the DG must have both voltage and frequency
regulation functions.

Figures 4.7, 4.8, 4.9, and 4.10 show the response of the facility microgrid to faults at the PCC
that result in trip of the microgrid from the host system. The events simulated are faults at the
terminal 115-kV PCC cleared by removal of the microgrid main transformer. In one pair of
cases, the fault is bolted (i.e., has no fault impedance) and is therefore more severe than the
second pair of cases, in which some fault impedance is assumed.

Each of the five figures shows a different system variable for this pair of events. In each figure,
there are four traces. For each figure:

The dark blue trace if for inverter DG for a bolted three-phase fault.
The pink trace is for rotating DG for a bolted three-phase fault.

The red trace is for inverter DG for an impedance fault.

The light blue trace is for rotating DG for an impedance fault.

As noted above, voltage and frequency regulation are a prerequisite for islanded operation.
Thus, only cases with full control are considered. The two fault events are intended to
illustrate that having these controls is a necessary condition; it may not be sufficient to ensure
successful islanding. The dynamics of tripping from grid connection to islanded operation can
be very important.

Figure 4.7 shows the voltage at the motor loads within the facility.
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Figure 4.7. Microgrid load voltages — following grid disturbance and trip to island

Figure 4.8 shows the main bus voltages with the facility microgrid.
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Figure 4.8. Microgrid main bus voltages — grid disturbance and trip to island
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Figure 4.9 shows the reactive power output of one of the distributed generators in the facility.
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Figure 4.9. Microgrid DG reactive power outputs — grid disturbance and trip to island

Figure 4.10 shows the active power output of one of the distributed generators in the facility.
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Figure 4.10. Microgrid DG active power outputs — grid disturbance and trip to island

42



Figure 4.11 shows the currents delivered by one of the distributed generators in the facility.
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Figure 4.11. Microgrid DG currents — grid disturbance and trip to island

Two observations can be made from these cases:

e First, and most important, is that for this particular microgrid, not all of the load within
the facility can be served when the microgrid trips to islanded operation. In all of these

cases, roughly half of the load in the facility is tripped. This non-essential load is

disconnected to allow for continued secure operation of the remaining critical load. The

ability to differentiate between critical and non-critical loads is a major reliability

consideration and potential advantage in a facility microgrid. In these cases, the facility
microgrid control disconnects the non-essential load at the same time that the transformer

circuit breaker opens, creating the island. The transient swings of the system variables

reflect the dynamics of the loads responding to the fault and their interaction with the DG

controls.

e Second, the microgrid fails to tolerate the dynamics associated with the trip to an island
for one case: that with the very severe fault and the rotating DG. In this case, the motor
recovery fails in a fashion similar to that in failed recovery cases discussed above for host

grid faults. In these cases, the faster response of the inverter-based DG with very
aggressive controls allows for a better recovery.

This particular comparison is illustrative mainly in the sense that it is clear that different
responses will have a major effect on the success (and therefore viability) of the island.
One might be tempted to conclude from this example that inverter-based DG is superior for

islanded operation. However, other experience shows that inverter-based DG is generally more
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sensitive to voltage dips that result from faults and more likely to trip in response to such
stimulus. Rather, several necessary conditions are shown:

e The load in the island must not exceed the capability of the DG in the islanded microgrid.

e Having enough capability is not sufficient alone. The DG must have the necessary
dynamic response to survive the disturbances that cause the trip to island.

e The DG must not trip in response to the initiating disturbance.
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5

Summary

5.1 Study Results Summary

In the long term, the majority of DER technologies will rely on power electronic inverters for
connection to the power system. These technologies include fuel cells, photovoltaics, and
microturbines. In the nearer term, the reality is that most (on a total kilowatt basis) of the DER
being built and planned is more conventional, synchronous machine-based generation. The
investigation reported here focused on this nearer-term reality but with the same objectives:

To identify system performance issues

To quantify functional requirements for the successful interconnection of DG

To maximize benefits and minimize risks

To add to the growing body of engineering understanding required for the successful
evolution of power systems to that long-term view.

Examination of some of the resource planning choices facing an operating US utility helped
provide perspective on near-term reality of DG for domestic utilities. Key observations for that
particular system were:

5.1.1

Near-term expiration of bilateral power contracts from central-station generation presents
an opportunity to alter the generation mix.

Actual and planned additions of third-party generation, including substantial amounts of
DG, have a total capacity on the same order as the expiring bilateral contracts.

Small DG (less than 2 MW) represents a small fraction (less than 2%) of the known
planned additions.

Essentially all the DG additions are conventional rotating synchronous generation, both
thermal and minihydro.

Observations on Bulk System Dynamics

This year’s incremental investigations of the effect of DG on power systems include some
findings that reinforce conclusions from the first year’s effort and some that provide new insights.

The aspects that were reinforced are:

Widespread penetration of DG at the load appears to be benign with respect to system
response to bulk system disturbances.

Aggressive tripping of DG in response to under frequency (as well as under voltage from
earlier work) appears to present a substantial hazard to the bulk system and was shown to
bring down the entire US western system in one extreme case. In general, tripping of DG
should be designed to take the local load with it. Simultaneous tripping of DG in a system
dependent on the DG output can result in widespread and severe voltage problems.
Presently, P1547 is biased in favor of fast tripping to rapidly detect and eliminate
inadvertent islands. There may be a need for further consideration of the fine balance
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between island avoidance and making the system vulnerable to voltage collapse.
Avoiding overly aggressive DG tripping should be a design objective.

The new insights are:

Voltage control by DG without frequency control may be undesirable from a bulk system
perspective. This was a somewhat surprising result. This behavior is due to the fact that
voltage regulation has the potential to partially negate the beneficial effect of load relief
because of voltage depressions following system upsets. This behavior may warrant
closer inspection.

Anti-islanding schemes based on decreasing DG power output in response to declining
frequency (i.e., negative droop) have some adverse effect on recovery of the bulk system
from large disturbances. This is a somewhat different conclusion from earlier work in
which active anti-islanding systems appeared to have little effect on system response.

The industry trajectory on DG is mostly toward rotating DG with controls that are
focused on the needs of the local EPS. These controls, with the exception of aggressive
tripping, are largely benign for the system.

5.1.2 Observations on Local and Microgrid Dynamics
This year’s incremental investigation of microgrids includes findings that reinforce conclusions
from the first year’s effort and provide new insights.

The presence of DR on the power system has the potential to affect local system dynamics.
Several cases were presented in this section to illustrate these effects. The cases cannot be
considered comprehensive enough to allow definitive conclusions to be drawn; however, several
observations can be made.

The aspects that were reinforced are:

Microgrid supervisory control was shown to provide satisfactory performance in terms of
managing power exchange with the host utility.

Microgrids appear to be viable, within limits, when DG is provided with fast,
autonomous voltage and frequency controls.

The new insights are:

Local facility microgrids, with suitable controls, can beneficially affect the performance
of the host power system and the microgrid.

Microgrids with suitable DG controls can have a substantial effect on the security of the
load served within that microgrid. They present the opportunity for higher power quality
and differentiation of service for premium power. Higher security, when connection to
the host utility is maintained, has important implications from an (national) infrastructure
security perspective.
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e Disconnection of microgrids from the host power system appears to have the potential to
be beneficial for the host system. This aspect warrants further investigation.

5.2 Implications for Universal Interconnect

The economic and dynamic investigations of this year’s study provide insights for additional
functions for the UI that would allow reliable DG islanding detection by means other than
sensitive under/over frequency and voltage trip points and schemes that can interact undesirably
with bulk system dynamics when the DG is not islanded.

5.3 Implications for Standards

DG is envisioned to play a large role in the nation’s power system. Therefore, there is a growing
need for DG interconnection requirements to address the effect of DG on large-scale grid
behavior. As DG becomes a vital resource, there must be means to ensure its continued
connection and participation in support of the grid when the grid most needs that support.

This may require revisiting the frequency and voltage tripping points specified in IEEE 1547.
This work suggests that standards will be required for the PCC interface of microgrids.

5.4 Further Research Needs

The issues of bulk and local system dynamics with high penetrations of DG will continue to
require investigation. As practice and technology evolve, power system planners will need better
understanding and access to analytical tools.

At the conclusion of this year’s work, several areas would benefit from further investigation:

e Feedback active anti-islanding system
It is clear that the performance of DG can have a decisive role in the security of the bulk
power system when DG provides a significant portion of the system resources. This
year’s work has shown some negative consequences of active anti-islanding schemes on
grid performance. Further parametric evaluation is needed of these schemes, including
the frequency shift and voltage shift schemes used in inverter-based DG, to fully
understand the potential large-scale system effects.

e Light load conditions
All of the bulk system stability investigations performed to date have focused on high-
stress conditions associated with high loads. However, many systems experience the most
limiting stability problems under light load and high power transfer conditions. For
example, this is the case in New England. Under light load conditions, it is possible that
the effective penetration of DG could be substantially higher. This condition would occur
if DG continues to generate at light load while central station generation is decommitted.
This is fertile ground for further investigation and development of bulk system-friendly
control and protection philosophies for DG.

e Decentralized, semi-autonomous control for microgrids
The facility microgrid examinations presented in this report highlight the potential for
microgrids to provide valuable performance benefits to both the microgrid and the bulk
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power system. Topologically, the facility microgrid presented is simple and realistic for
the present and near-term future. As physical area and complexity of the facilities
increase, additional functionality will be required to get the maximum performance and
reliability from microgrids. With multiple distributed generators at separate locations,
serving both electrical and other energy loads throughout a microgrid, further layers of
control beyond those demonstrated here would be required.

System-wide benefits and control philosophy for multiple microgrids

The potential future use of widespread microgrids as a vehicle to facilitate the
economic deployment of DG raises further issues about the effect and potential
benefits of many microgrids on the bulk power system. The investigation this year
made very preliminary steps in that direction. Microgrid controllers may provide the
means to economically elicit behavior that is beneficial (and rewardable) from highly
distributed generation. Of particular interest are structures that would contribute to
power infrastructure security. Control and architecture concepts need to be explored to
identify and realize these benefits.
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Appendix A. WECC System Information (Trip Malin to Round
Mountain Line Circuit #2) 1

Black: No DG

Red: Inverter-type DG with no control
Green: Inverter-type DG with full control
Blue: Rotating-type DG with no control
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WECC System Information (Trip MALIN to ROUND MT Line CK#2)
Black:No DG; Red:Inv DG w/o Control;
Green:Inv DG w/ Full Control; Blue:Rot DG w/o Control

FCNGNSCC frequency, Hz DEVERS frequency, Hz
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10-DEC-2002 10:34:31  C:\WeiWork\projects\DG\NREL\P3sys\chan\nodgbr62. Page 1
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WECC System Information (Trip MALIN to ROUND MT Line CK#2)
Black:No DG; Red:Inv DG w/o Control;
Green:Inv DG w/ Full Control; Blue:Rot DG w/o Control

COLSTRP frequency, Hz ROUND MT frequency, Hz
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Time (seconds) Time (seconds)
10-DEC-2002 10:53:27 C:\WeiWork\projects\DG\NREL\P3sys\chan\nodgbr62. Page 2
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WECC System Information (Trip MALIN to ROUND MT Line CK#2)
Black:No DG; Red:Inv DG w/o Control;
Green:Inv DG w/ Full Control; Blue:Rot DG w/o Control

MIDWAY frequency, Hz SANTIAGO frequency, Hz

60.10 — 60.10 —
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WECC System Information (Trip MALIN to ROUND MT Line CK#2)
Black:No DG; Red:Inv DG w/o Control;
Green:Inv DG w/ Full Control; Blue:Rot DG w/o Control

BRIDGERL voltage, pu

DEVERS voltage, pu

110 — 110 —
1.05 — 1.05 — H
1.00 T\pww—‘ 1.00 p—
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Time (seconds) Time (seconds)
10-DEC-2002 10:34:31  C:\WeiWork\projects\DG\NREL\P3sys\chan\nodgbr62. Page 4
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WECC System Information (Trip MALIN to ROUND MT Line CK#2)
Black:No DG; Red:Inv DG w/o Control;

110 —

1.05 —

1.00 —

0.95 —

0.90 —

110 —

Green:Inv DG w/ Full Control;
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WECC System Information (Trip MALIN to ROUND MT Line CK#2)
Black:No DG; Red:Inv DG w/o Control;
Green:Inv DG w/ Full Control; Blue:Rot DG w/o Control

MIDWAY voltage, pu SANTIAGO voltage, pu

110 — 110 —
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Time (seconds) Time (seconds)
10-DEC-2002 10:34:31  C:\WeiWork\projects\DG\NREL\P3sys\chan\nodgbr62. Page 6
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WECC System Information (Trip MALIN to ROUND MT Line CK#2)
Black:No DG; Red:Inv DG w/o Control;
Green:Inv DG w/ Full Control; Blue:Rot DG w/o Control

MALIN - ROUND MT #1ibr, A GATES - MIDWAY P, MW
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Appendix B. WECC System Information (Trip Malin to
Round Mountain Line Circuit #2) 2

Black: No DG

Red: Rotating-type DG with no control
Green: Rotating-type DG with exciter control
Blue: Rotating-type DG with governor control
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WECC System Information (Trip MALIN to ROUND MT Line CK#2)
Black:No DG; Red:Rot DG w/o Control;
Green:Rot DG w/ Exciter; Blue:Rot DG w/ Governor

FCNGNSCC frequency, Hz DEVERS frequency, Hz
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WECC System Information (Trip MALIN to ROUND MT Line CK#2)
Black:No DG; Red:Rot DG w/o Control;
Green:Rot DG w/ Exciter; Blue:Rot DG w/ Governor

COLSTRP frequency, Hz ROUND MT frequency, Hz
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WECC System Information (Trip MALIN to ROUND MT Line CK#2)
Black:No DG; Red:Rot DG w/o Control;
Green:Rot DG w/ Exciter; Blue:Rot DG w/ Governor

BRIDGERL voltage, pu DEVERS voltage, pu
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WECC System Information (Trip MALIN to ROUND MT Line CK#2)
Black:No DG; Red:Rot DG w/o Control;
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WECC System Information (Trip MALIN to ROUND MT Line CK#2)
Black:No DG; Red:Rot DG w/o Control;
Green:Rot DG w/ Exciter; Blue:Rot DG w/ Governor

MIDWAY voltage, pu SANTIAGO voltage, pu

110 — 110 —
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WECC System Information (Trip MALIN to ROUND MT Line CK#2)
Black:No DG; Red:Rot DG w/o Control;
Green:Rot DG w/ Exciter; Blue:Rot DG w/ Governor
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Appendix C. WECC System Information (Trip 3 Palo Verte
Generators) 1

Black: No DG

Red: Inverter-type DG with no control
Green: Inverter-type DG with full control
Blue: Rotating-type DG with no control
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WECC System Information (Trip 3 Palo Verte generators)
Black:No DG; Red:Inv DG w/o Control;
Green:Inv DG w/ Full Control; Blue:Rot DG w/o Control

FCNGNSCC frequency, Hz
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WECC System Information (Trip 3 Palo Verte generators)
Black:No DG; Red:Inv DG w/o Control;
Green:Inv DG w/ Full Control; Blue:Rot DG w/o Control

COLSTRP frequency, Hz

ROUND MT frequency, Hz
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WECC System Information (Trip 3 Palo Verte generators)
Black:No DG; Red:Inv DG w/o Control;
Green:Inv DG w/ Full Control; Blue:Rot DG w/o Control
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WECC System Information (Trip 3 Palo Verte generators)
Black:No DG; Red:Inv DG w/o Control;
Green:Inv DG w/ Full Control; Blue:Rot DG w/o Control
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WECC System Information (Trip 3 Palo Verte generators)
Black:No DG; Red:Inv DG w/o Control;
Green:Inv DG w/ Full Control; Blue:Rot DG w/o Control

MIDWAY voltage, pu

SANTIAGO voltage, pu

110 — 110 —
1.05 — 1.05 —
1.00 — 1.00 —
. . 7WW
0.90 — 0.90 —
110 LOSBANOS voltage, pu 110 BOISEBCH voltage, pu
1.05 — 1.05 —

_ \_ .
1.00 — 1.00 —
0.95 — 0.95 —
0.90 — 0.90 —
110 SANTIAGO voltage, pu 110 WESTWING voltage, pu
1.05 — 1.05 —
1.00 — 1.00 —
0.95 — 0.95 —
0.90 — 0.90 —

‘\\\\‘\\\\‘\\\\‘\\\\‘ ‘\\\\‘\\\\‘\\\\‘\\\\‘
0.0 25 5.0 75 10.0 0.0 25 5.0 75 10.0
Time (seconds) Time (seconds)
10-DEC-2002 13:37:58 C:\WeiWork\projects\DG\NREL\P3sys\chan\nodg63.ch Page 6
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WECC System Information (Trip 3 Palo Verte generators)
Black:No DG; Red:Inv DG w/o Control;
Green:Inv DG w/ Full Control; Blue:Rot DG w/o Control

MALIN - ROUND MT #1ibr, A GATES - MIDWAY P, MW

20 — 2000 —
15 — 1500 —
10 — 1000 —
5— 500 —
_— GATES - MIDWAY ibr, A 140 SANT230- SANT66 #1 ibr, A
N 1.38 —
15 — ]
1.36 — E A %%@ e
1.34 —|
10 — | .
i 1.32 —
5— 1.30 —
1800 MALIN - ROUND MT #1 P, MW 135 SANT230 - SANT66 #1 P, MW
1600 — 133 —
1400 — 131 —
1200 — 129 —
1000 — 127 —|
800 — 125 —
‘\\\\‘\\\\‘\\\\‘\\\\‘ ‘\\\\‘\\\\‘\\\\‘\\\\‘
0.0 25 5.0 75 10.0 0.0 25 5.0 75 10.0
Time (seconds) Time (seconds)
10-DEC-2002 13:37:58 C:\WeiWork\projects\DG\NREL\P3sys\chan\nodg63.ch Page 7
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Appendix D. WECC System Information (Trip 3 Palo Verte
Generators) 2

Black: No DG

Red: Rotating-type DG with no control
Green: Rotating-type DG with exciter control
Blue: Rotating-type DG with governor control
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WECC System Information (Trip 3 Palo Verte generators)
Black:No DG; Red:Rot DG w/o Control;
Green:Rot DG w/ Exciter; Blue:Rot DG w/ Governor

FCNGNSCC frequency, Hz

DEVERS frequency, Hz

60.1 — 60.1 —

60.0 ; 60.0 ;

59.9 ; 59.9 ;

59.8 ; 59.8 ;

59.7 ; 59.7 ;

59.6 ; 59.6 ;

01 CHIEF J5 frequency, Hz 01 ING500 frequency, Hz

60.0 ; 60.0 ;

59.9 ; 59.9 ;

59.8 ; 59.8 ;

59.7 ; 59.7 ;

59.6 ; 59.6 ;

01— PALOVRDE frequency, Hz 01 CUSTER W fregquency, Hz

60.0 ; 60.0 ;

59.9 ; 59.9 ;

59.8 ; 59.8 ;

59.7 ; 59.7 ;

59.6 ; 59.6 ;

‘\\\\‘\\\\‘\\\\‘\\\\‘ ‘\\\\‘\\\\‘\\\\‘\\\\‘
0.0 25 50 75 10.0 0.0 25 50 75 10.0
Time (seconds) Time (seconds)
10-DEC-2002 13:48:44 C:\WeiWork\projects\DG\NREL\P3sys\chan\nodg63.ch Page 1
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WECC System Information (Trip 3 Palo Verte generators)
Black:No DG; Red:Rot DG w/o Control;
Green:Rot DG w/ Exciter; Blue:Rot DG w/ Governor

COLSTRP frequency, Hz

ROUND MT frequency, Hz

60.1 — 60.1 —

60.0 ; 60.0 ;

59.9 ; 59.9 ;

59.8 ; 59.8 ;

59.7 ; 59.7 ;

59.6 ; 59.6 ;

01 BROADV &1 frequency, Hz 01 SUMMER L frequency, Hz

60.0 ; 60.0 ;

59.9 ; 59.9 ;

59.8 ; 59.8 ;

59.7 ; 59.7 ;

59.6 ; 59.6 ;

01— MALIN frequency, Hz 01 GATES frequency, Hz

60.0 ; 60.0 ;

59.9 ; 59.9 ;

59.8 ; 59.8 ;

59.7 ; 59.7 ;

59.6 ; 59.6 ;

‘\\\\‘\\\\‘\\\\‘\\\\‘ ‘\\\\‘\\\\‘\\\\‘\\\\‘
0.0 25 50 75 10.0 0.0 25 50 75 10.0
Time (seconds) Time (seconds)
10-DEC-2002 13:48:44 C:\WeiWork\projects\DG\NREL\P3sys\chan\nodg63.ch Page 2
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WECC System Information (Trip 3 Palo Verte generators)
Black:No DG; Red:Rot DG w/o Control;
Green:Rot DG w/ Exciter; Blue:Rot DG w/ Governor

MIDWAY frequency, Hz

SANTIAGO frequency, Hz

60.1 — 60.1 —
60.0 — 60.0 —
59.9 — 59.9 —
59.8 — 59.8 —
59.7 — 59.7 —
59.6 — 59.6 —
01 LOSBANOS frequency, Hz 60100 BOISEBCH frequency, Hz
60.0 —
59.975 —
59.9 — B
- 59.850 —
59.8 —
| 50.725 —|
59.7 —
59.6 — 59.600 —
01— SANTIAGO frequency, Hz 01 WESTWING frequency, Hz
60.0 — 60.0 —
59.9 — 59.9 —
59.8 — 59.8 —
59.7 — 59.7 —
59.6 — 59.6 —
‘\\\\‘\\\\‘\\\\‘\\\\‘ ‘\\\\‘\\\\‘\\\\‘\\\\‘
0.0 25 50 75 10.0 0.0 25 50 75 10.0
Time (seconds) Time (seconds)
10-DEC-2002 13:48:44 C:\WeiWork\projects\DG\NREL\P3sys\chan\nodg63.ch Page 3

76



WECC System Information (Trip 3 Palo Verte generators)
Black:No DG; Red:Rot DG w/o Control;
Green:Rot DG w/ Exciter; Blue:Rot DG w/ Governor

BRIDGERL voltage, pu DEVERS voltage, pu

110 — 110 —
1.05 — 1.05 W
1.00 M 1.00 —
0.95 — 0.95 —
0.90 — 0.90 —
110 COLSTP 4 voltage, pu 110 ING500 voltage, pu
H e W
1.00 — 1.00 —
0.95 — 0.95 —
0.90 — 0.90 —
110 PALOVRDE voltage, pu 110 CUSTER W voltage, pu
1057 105 W
1.00 — / 1.00 —
0.95 — 0.95 —
0.90 — 0.90 —

‘\\\\‘\\\\‘\\\\‘\\\\‘ ‘\\\\‘\\\\‘\\\\‘\\\\‘

0.0 25 50 75 10.0 0.0 25 50 75 10.0
Time (seconds) Time (seconds)
10-DEC-2002 13:48:44 C:\WeiWork\projects\DG\NREL\P3sys\chan\nodg63.ch Page 4
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110 —

1.05 —

1.00 —

0.95 —

0.90 —

110 —

1.05 —

1.00 —

0.95 —

0.90 —

WECC System Information (Trip 3 Palo Verte generators)
Black:No DG; Red:Rot DG w/o Control;
Green:Rot DG w/ Exciter; Blue:Rot DG w/ Governor

COLSTRP voltage, pu

7%

BROADV &1 voltage, pu

MALIN voltage, pu

110 —

1.05 —

1.00 — \/

0.95 —

0.90 —
‘ T T ‘ T T ‘ T T ‘ T T ‘
0.0 25 5.0 75 10.0

Time (seconds)

110 —

1.05 —

1.00 —

0.95 —

0.90 —

110 —

1.05 —

1.00 —

0.95 —

0.90 —

110 —

0.90 —

ROUND MT voltage, pu

§
)

SUMMER L voltage, pu

<«
)

GATES voltage, pu

0.0

25 5.0 75

Time (seconds)

10-DEC-2002 13:48:44 C:\WeiWork\projects\DG\NREL\P3sys\chan\nodg63.ch
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WECC System Information (Trip 3 Palo Verte generators)
Black:No DG; Red:Rot DG w/o Control;
Green:Rot DG w/ Exciter; Blue:Rot DG w/ Governor

SANTIAGO voltage, pu

MIDWAY voltage, pu

110 — 110 —
1.05 —
. 1.00 —
] - 7_V\—Wf\—‘
0.90 — 0.90 —
110 LOSBANOS voltage, pu 110 BOISEBCH voltage, pu
1.05 —
1.00 W
0.95 —
0.90 — 0.90 —
110 SANTIAGO voltage, pu 110 WESTWING voltage, pu
1.05 — 1.05 —
1.00 — 1.00 —
0.95 — 0.95 —
0.90 — 0.90 —
‘\\\\‘\\\\‘\\\\‘\\\\‘ ‘\\\\‘\\\\‘\\\\‘\\\\‘
0.0 25 50 75 10.0 0.0 25 50 75 10.0
Time (seconds) Time (seconds)
10-DEC-2002 13:48:44 C:\WeiWork\projects\DG\NREL\P3sys\chan\nodg63.ch Page 6
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WECC System Information (Trip 3 Palo Verte generators)
Black:No DG; Red:Rot DG w/o Control;
Green:Rot DG w/ Exciter; Blue:Rot DG w/ Governor

GATES - MIDWAY P, MW

MALIN - ROUND MT #1ibr, A

20— 2000 —
1500 —|
1000 —|
5— 500 —!
00 GATES - MIDWAY ibr, A 140 SANT230 - SANT66 #1 ibr, A
N 1.38 —
15 — ]
, 1.36 — ’ijf
1.34 —
10 —| B
B 1.32 —
5— 1.30 —
1800 MALIN - ROUND MT #1 P, MW e SANT230 - SANT66 #1 P, MW
1600 —| \ 133 —
1400 —| - 131 — g
1200 —| 129 —
1000 —{ 127 —
800 —' 125 —
‘\\\\‘\\\\‘\\\\‘\\\\‘ ‘\\\\‘\\\\‘\\\\‘\\\\‘
0.0 25 5.0 75 10.0 0.0 25 5.0 75 10.0
Time (seconds) Time (seconds)
10-DEC-2002 13:48:44 C:\WeiWork\projects\DG\NREL\P3sys\chan\nodg63.ch Page 7
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Appendix E. WECC System Information (Trip 3 Palo Verte
Generators) 3

Black: No DG
Red: Rotating-type DG with no control
Green: Rotating-type DG with under frequency tripping
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WECC System Information (Trip 3 Palo Verte generators)
Black:No DG; Red:Rot DG w/o Control; Green:Rot DG w/ Underfrequency Tripping

FCNGNSCC frequency, Hz DEVERS frequency, Hz

60.1 — 60.1 —
60.0 ; \ 60.0 ;—
509 _ 509 _ / T
59.8 ; 59.8 ;
59.7 ; 59.7 ;
59.6 ; 59.6 ;
01 CHIEF J5 frequency, Hz 01 ING500 frequency, Hz
60.0 ; — 60.0 ;
59.9 ; 59.9 ;
59.8 ; 59.8 ;
59.7 ; 59.7 ;
59.6 ; 59.6 ;
01— PALOVRDE frequency, Hz 01 CUSTER W fregquency, Hz
60.0 —\ 60.0 ;
59.9 _ k\/ /Q 59.9 _
59.8 ; 59.8 ;
59.7 ; 59.7 ;
59.6 ; 59.6 ;
‘\\\\‘\\\\‘\\\\‘\\\\‘ ‘\\\\‘\\\\‘\\\\‘\\\\‘
0.00 0.75 150 225 3.00 0.00 0.75 150 2.25 3.00
Time (seconds) Time (seconds)
10-DEC-2002 14:18:36  C:\WeiWork\projects\DG\NREL\P3sys\chan\nodg63.ch Page 1
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WECC System Information (Trip 3 Palo Verte generators)
Black:No DG; Red:Rot DG w/o Control; Green:Rot DG w/ Underfrequency Tripping

COLSTRP frequency, Hz ROUND MT frequency, Hz

60.1 — 60.1 —

60.0 ;===——— 60.0 —\

59.9 ; 59.9 ; \\%

59.8 ; 59.8 ;

59.7 ; 59.7 ;

59.6 ; 59.6 ;

01 BROADV &1 frequency, Hz 01 SUMMER L frequency, Hz

60.0 ;ﬁ 60.0 —7===~/

509 _ 509 _ R

59.8 ; 59.8 ;

59.7 ; 59.7 ;

59.6 ; 59.6 ;

01— MALIN frequency, Hz 01 GATES frequency, Hz

60.0 —\\ 60.0 ;* o

59— g\ 509 v

59.8 ; 59.8 ;

59.7 ; 59.7 ;

59.6 ; 59.6 ;
‘\\\\‘\\\\‘\\\\‘\\\\‘ ‘\\\\‘\\\\‘\\\\‘\\\\‘

0.00 0.75 150 225 3.00 0.00 0.75 150 2.25 3.00
Time (seconds) Time (seconds)
10-DEC-2002 14:18:36  C:\WeiWork\projects\DG\NREL\P3sys\chan\nodg63.ch Page 2
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WECC System Information (Trip 3 Palo Verte generators)
Black:No DG; Red:Rot DG w/o Control; Green:Rot DG w/ Underfrequency Tripping

MIDWAY frequency, Hz SANTIAGO frequency, Hz

60.1 — 60.1 —

60.0 ; 60.0 ;

59.9 K\ﬁ 500 J\

59.8 ; 59.8 ;

59.7 ; 59.7 ;

59.6 ; 59.6 ;

01 LOSBANOS frequency, Hz 01 BOISEBCH frequency, Hz

60.0 ;— 60.0 ;

59.9 \ﬁ 59.9 \

59.8 ; 59.8 ;

59.7 ; 59.7 ;

59.6 ; 59.6 ;

01— SANTIAGO frequency, Hz 01 WESTWING frequency, Hz

60.0 ;===\ 60.0 —\

o W = M

59.8 ; 59.8 ;

59.7 ; 59.7 ;

59.6 ; 59.6 ;
‘\\\\‘\\\\‘\\\\‘\\\\‘ ‘\\\\‘\\\\‘\\\\‘\\\\‘

0.00 0.75 1.50 225 3.00 0.00 0.75 1.50 225 3.00
Time (seconds) Time (seconds)
10-DEC-2002 14:18:36  C:\WeiWork\projects\DG\NREL\P3sys\chan\nodg63.ch Page 3
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12—

10—

0.8 —

0.6 —

0.4 —

02—

12—

1.0 —

0.8 —

0.6 —

0.4 —

02—

12—

1.0 —

0.8 —

0.6 —

0.4 —

02—

0.00

WECC System Information (Trip 3 Palo Verte generators)
Black:No DG; Red:Rot DG w/o Control; Green:Rot DG w/ Underfrequency Tripping

BRIDGERL voltage, pu

COLSTP 4 voltage, pu

PALOVRDE voltage, pu

-

0.75 1.50 2.25 3.00

Time (seconds)
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85

12—

1.0 —

0.8 —

0.6 —

0.4 —

02—

12—

1.0 —

0.8 —

0.6 —

0.4 —

02—

12—

1.0 —

0.8 —

0.6 —

0.4 —

02—

DEVERS voltage, pu

—

ING500 voltage, pu

- T

CUSTER W voltage, pu

0.00

0.75 150 2.25 3.00

Time (seconds)

Page 4



WECC System Information (Trip 3 Palo Verte generators)
Black:No DG; Red:Rot DG w/o Control; Green:Rot DG w/ Underfrequency Tripping

COLSTRP voltage, pu ROUND MT voltage, pu

12— 12 —
1.0 —77 7 1.0 —77 \/
0.8 ; 0.8 ;
0.6 ; 06 ;
04 - 04 _
0.2 ; 0.2 ;
1 BROADV &1 voltage, pu 1 SUMMER L voltage, pu
1.0 ; o 1.0 ;7\\\//
0.8 ; 0.8 ;
0.6 ; 0.6 ;
04 - 04 _
0.2 ; 02 ;
1 MALIN voltage, pu 1 GATES voltage, pu
1.0 ;I\/ 1.0 ;:\//
0.8 ; 08 ;
0.6 ; 0.6 ;
04 - 04 _
0.2 ; 0.2 ;

‘\\\\‘\\\\‘\\\\‘\\\\‘ ‘\\\\‘\\\\‘\\\\‘\\\\‘

0.00 0.75 150 225 3.00 0.00 0.75 150 2.25 3.00
Time (seconds) Time (seconds)
10-DEC-2002 14:18:36  C:\WeiWork\projects\DG\NREL\P3sys\chan\nodg63.ch Page 5
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WECC System Information (Trip 3 Palo Verte generators)
Black:No DG; Red:Rot DG w/o Control; Green:Rot DG w/ Underfrequency Tripping

MIDWAY voltage, pu SANTIAGO voltage, pu

12— 12—

*\
10 T~ — 04

0.8 — 0.8 —
0.6 ; 06 ;
04 _ 04 |
0.2 ; 0.2 ;
1 LOSBANOS voltage, pu 1 BOISEBCH voltage, pu

10 Teh— 01 Te—

0.8 —| 0.8 —|
06 | 06 |
0.4 ; 0.4 ;
0.2 i 02 ]

SANTIAGO voltage, pu WESTWING voltage, pu

12 — 12 —
10— - 10+ e
0.8 — 0.8 —
0.6 — 0.6 —
04 — 04 —
02— 02—

‘\\\\‘\\\\‘\\\\‘\\\\‘ ‘\\\\‘\\\\‘\\\\‘\\\\‘
0.00 0.75 150 225 3.00 0.00 0.75 150 2.25 3.00
Time (seconds) Time (seconds)

10-DEC-2002 14:18:36  C:\WeiWork\projects\DG\NREL\P3sys\chan\nodg63.ch Page 6
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WECC System Information (Trip 3 Palo Verte generators)
Black:No DG; Red:Rot DG w/o Control; Green:Rot DG w/ Underfrequency Tripping

o MALIN - ROUND MT #1 ibr, A

> //X

5 GATES- MIDWAY ibr, A

20 —|
15 —

10 —

1800 — MALIN - ROUND MT #1 P, MW

1400 — /_\
1000 ————

600 —

200 —

-200 —

-600 —

0.00 0.75 1.50 2.25

Time (seconds)

10-DEC-2002 14:18:36  C:\WeiWork\projects\DG\NREL\P3sys\chan\nodg63.ch

3.00

1800 —

1400 —

1000 —

600 —

200 —

-200 —

-600 —

2.0 —

1.8 —

1.6 —

14—

12—

1.0 —

200 —

150 —

100 —

50 —

07

GATES - MIDWAY P, MW

/

SANT230 - SANT66 #1 ibr, A

SANT230 - SANT66 #1 P, MW

T e—

0.00

88

0.75 150 2.25 3.00

Time (seconds)

Page 7



Appendix F. WECC System Information (Trip 3 Palo Verte
Generators) 4

Black: No DG

Red: Rotating-type DG with no control

Green: Rotating-type DG with governor control

Blue: Rotating-type DG with governor anti-islanding control
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WECC System Information (Trip 3 Palo Verte generators)
Black:No DG; Red:Rot DG w/o Control;
Green:Rot DG w/ Governor; Blue:Rot DG w/ Governor(Al control)

FCNGNSCC frequency, Hz

DEVERS frequency, Hz

60.1 — 60.1 —

60.0 ; 60.0 ;

59.9 ; 59.9 ;

59.8 ; 59.8 ;

59.7 ; 59.7 ;

59.6 ; 59.6 ;

01 CHIEF J5 frequency, Hz 01 ING500 frequency, Hz

60.0 ; 60.0 ;

59.9 ; 59.9 ;

59.8 ; 59.8 ;

59.7 ; 59.7 ;

59.6 ; 59.6 ;

01— PALOVRDE frequency, Hz 01 CUSTER W fregquency, Hz

60.0 ; 60.0 ;

59.9 ; 59.9 ;

59.8 ; 59.8 ;

59.7 ; 59.7 ;

59.6 ; 59.6 ;

‘\\\\‘\\\\‘\\\\‘\\\\‘ ‘\\\\‘\\\\‘\\\\‘\\\\‘
0.0 25 50 75 10.0 0.0 25 50 75 10.0
Time (seconds) Time (seconds)
10-DEC-2002 14:25:48 C:\WeiWork\projects\DG\NREL\P3sys\chan\nodg63.ch Page 1
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WECC System Information (Trip 3 Palo Verte generators)
Black:No DG; Red:Rot DG w/o Control;
Green:Rot DG w/ Governor; Blue:Rot DG w/ Governor(Al control)

COLSTRP frequency, Hz

ROUND MT frequency, Hz

60.1 — 60.1 —

60.0 ; 60.0 ;

59.9 ; 59.9 ;

59.8 ; 59.8 ;

59.7 ; 59.7 ;

59.6 ; 59.6 ;

01 BROADV &1 frequency, Hz 01 SUMMER L frequency, Hz

60.0 ; 60.0 ;

59.9 ; 59.9 ;

59.8 ; 59.8 ;

59.7 ; 59.7 ;

59.6 ; 59.6 ;

01— MALIN frequency, Hz 01 GATES frequency, Hz

60.0 ; 60.0 ;

59.9 ; 59.9 ;

59.8 ; 59.8 ;

59.7 ; 59.7 ;

59.6 ; 59.6 ;

‘\\\\‘\\\\‘\\\\‘\\\\‘ ‘\\\\‘\\\\‘\\\\‘\\\\‘
0.0 25 50 75 10.0 0.0 25 50 75 10.0
Time (seconds) Time (seconds)
10-DEC-2002 14:25:48 C:\WeiWork\projects\DG\NREL\P3sys\chan\nodg63.ch Page 2
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WECC System Information (Trip 3 Palo Verte generators)
Black:No DG; Red:Rot DG w/o Control;
Green:Rot DG w/ Governor; Blue:Rot DG w/ Governor(Al control)

MIDWAY frequency, Hz

SANTIAGO frequency, Hz

60.1 — 60.1 —
60.0 — 60.0 —
59.9 — 59.9 —
59.8 — 59.8 —
59.7 — 59.7 —
59.6 — 59.6 —
01 LOSBANOS frequency, Hz 60100 BOISEBCH frequency, Hz
60.0 —
59.975 —
59.9 — B
- 59.850 —
59.8 —
| 50.725 —|
59.7 —
59.6 — 59.600 —
01— SANTIAGO frequency, Hz 01 WESTWING frequency, Hz
60.0 — 60.0 —
59.9 — 59.9 —
59.8 — 59.8 —
59.7 — 59.7 —
59.6 — 59.6 —
‘\\\\‘\\\\‘\\\\‘\\\\‘ ‘\\\\‘\\\\‘\\\\‘\\\\‘
0.0 25 50 75 10.0 0.0 25 50 75 10.0
Time (seconds) Time (seconds)
10-DEC-2002 14:25:48 C:\WeiWork\projects\DG\NREL\P3sys\chan\nodg63.ch Page 3
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WECC System Information (Trip 3 Palo Verte generators)
Black:No DG; Red:Rot DG w/o Control;
Green:Rot DG w/ Governor; Blue:Rot DG w/ Governor(Al control)

BRIDGERL voltage, pu DEVERS voltage, pu

110 — 110 —
1.05 — 1.05 W
h W w0
0.95 — 0.95 —
0.90 — 0.90 —
110 COLSTP 4 voltage, pu 110 ING500 voltage, pu
w2 - W\
1.00 — 1.00 —
0.95 — 0.95 —
0.90 — 0.90 —
110 PALOVRDE voltage, pu 110 CUSTER W voltage, pu
1.05 — 1.05 W\
1.00 — ] 1.00 —
0.95 — 0.95 —
0.90 — 0.90 —

‘\\\\‘\\\\‘\\\\‘\\\\‘ ‘\\\\‘\\\\‘\\\\‘\\\\‘

0.0 25 5.0 75 10.0 0.0 25 5.0 75 10.0
Time (seconds) Time (seconds)
10-DEC-2002 14:25:48 C:\WeiWork\projects\DG\NREL\P3sys\chan\nodg63.ch Page 4
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WECC System Information (Trip 3 Palo Verte generators)
Black:No DG; Red:Rot DG w/o Control;
Green:Rot DG w/ Governor; Blue:Rot DG w/ Governor(Al control)

COLSTRP voltage, pu

ROUND MT voltage, pu

110 — 110 —

,—\ _t
1.05 — 1.05 —
1.00 — 1.00 —
0.95 — 0.95 —
0.90 —' 0.90 —'
110 BROADV&1 voltage, pu 110 SUMMER L voltage, pu
1.00 — 1.00 —
0.95 — 0.95 —
0.90 — 0.90 —
110 MALIN voltage, pu 110 GATES voltage, pu
1.05 — 1.05 —
1.00 — 1.00 —
0.95 — 0.95 —
0.90 — 0.90 —

‘\\\\‘\\\\‘\\\\‘\\\\‘ ‘\\\\‘\\\\‘\\\\‘\\\\‘
0.0 25 50 75 10.0 0.0 25 50 75 10.0
Time (seconds) Time (seconds)
10-DEC-2002 14:25:48 C:\WeiWork\projects\DG\NREL\P3sys\chan\nodg63.ch Page 5
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WECC System Information (Trip 3 Palo Verte generators)
Black:No DG; Red:Rot DG w/o Control;
Green:Rot DG w/ Governor; Blue:Rot DG w/ Governor(Al control)

MIDWAY voltage, pu SANTIAGO voltage, pu

110 — 110 —
1.05 — 1.05 —
1.00 — 1.00 —
. . 7_Wc\_s
0.90 — 0.90 —
110 LOSBANOS voltage, pu 110 BOISEBCH voltage, pu
1.05 — 1.05 —
1.00 —| 1.00 AVV\
0.95 — 0.95 —
0.90 — 0.90 —
110 SANTIAGO voltage, pu 110 WESTWING voltage, pu
1.05 — 1.05 —
1.00 — 1.00 —
0.95 — 0.95 —
0.90 — 0.90 —

‘\\\\‘\\\\‘\\\\‘\\\\‘ ‘\\\\‘\\\\‘\\\\‘\\\\‘

0.0 25 5.0 75 10.0 0.0 25 5.0 75 10.0
Time (seconds) Time (seconds)
10-DEC-2002 14:25:48 C:\WeiWork\projects\DG\NREL\P3sys\chan\nodg63.ch Page 6
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WECC System Information (Trip 3 Palo Verte generators)
Black:No DG; Red:Rot DG w/o Control;
Green:Rot DG w/ Governor; Blue:Rot DG w/ Governor(Al control)

MALIN - ROUND MT #1ibr, A GATES - MIDWAY P, MW

20 — 2000 —
15 —| 1500 —
10 — 1000 —
5—! 500 —
00 GATES - MIDWAY ibr, A 140 SANT230 - SANT66 #1 ibr, A
N 1.38 —
15 — ]
1.36 —
1.34 —
10 — |
| 1.32 —
5— 1.30 —
1800 — MALIN - ROUND MT #1 P, MW 135 SANT230 - SANT66 #1 P, MW
1600 — 133 —
1400 — » 131 —
1200 — 129 —
1000 — 127 —
800 — 125
‘\\\\‘\\\\‘\\\\‘\\\\‘ ‘\\\\‘\\\\‘\\\\‘\\\\‘
0.0 25 5.0 75 100 0.0 25 5.0 75 100
Time (seconds) Time (seconds)
10-DEC-2002 14:25:48 C:\WeiWork\projects\DG\NREL\P3sys\chan\nodg63.ch Page 7
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